The effects of ambient pressure, initial gas temperature and combustion reaction on the evaporation of a single fuel droplet and multiple fuel droplets are investigated by means of three-dimensional numerical simulation. The ambient pressure, initial gas temperature and droplets' mass loading ratio, M L, are varied in the ranges of 0.1-2.0 MPa, 1000-2000 K and 0.027-0.36, respectively, under the condition with or without combustion reaction. The results show that both for the conditions with and without combustion reac-* Corresponding author.
tion, droplet lifetime increases with increasing the ambient pressure at low initial gas temperature of 1000 K, but decreases at high initial gas temperatures of 1500 K and 2000 K, although the droplet lifetime becomes shorter due to combustion reaction. The increase of M L and the inhomogeneity of droplet distribution due to turbulence generally make the droplet lifetime longer, since the high droplets' mass loading ratio at local locations causes the decrease of gas temperature and the increase of the evaporated fuel mass
Introduction
Spray combustion is utilized in many industrial devises such as gas turbine engine, diesel engine and so on. Recently, the spray combustion behavior has been studied by means of two-or three-dimensional direct numerical simulation (DNS) (e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ) or large-eddy simulation (LES) (e.g., [18] [19] [20] [21] [22] ).
However, the mechanism of spray combustion has not been fully understood yet. In particular, the effects of ambient pressure on the spray combustion behavior have not been well clarified yet mainly because the combustion conditions and the acquired properties are extremely limited due to the difficulty of the measurements (e.g., [23] [24] [25] ).
Droplet evaporation is one of the most important factors which strongly depends on ambient pressure and therefore changes the spray combustion behavior in high ambient pressure conditions. Miller et al. [26] examined the validity of evaporation models by comparing them with experimental results in detail. Also, Miller and Bellan [27] performed a three-dimensional DNS and discussed the effects of the initial liquid mass loading ratio, initial Stokes number, and initial droplet temperature on the droplet evaporation in a turbulent mixing layer. In these studies, however the ambient pressure was fixed at the atmospheric pressure of 0.1 MPa and therefore the effects of the ambient pressure on the droplet evaporation were not studied.
The effects of the ambient pressure on the droplet evaporation have been 2 investigated for a single droplet or an array of droplets. Nomura and Ujiie [28] experimentally studied the evaporation rate of a single droplet at various ambient pressures in the range of 0.1-5.0 MPa, and showed the pressure dependence of droplet lifetime. Yang and Wong [29] performed a numerical simulation of a flow around a single evaporating droplet under the same conditions as the Nomura and Ujiie's experiments. They suggested that the heat conduction from a fiber used in the experiment to suspend the droplet and the radiation from the furnace wall strongly affect the droplet evaporation rate. Similarly, Harstad and Bellan [30] numerically investigated the evaporation rate of a single droplet at various ambient pressures in the range of 0.1-10.0 MPa, and validated the evaporation models in sub-and supercritical conditions. They stated that precise estimation of Lewis number is essential in supercritical conditions. On the other hand, Mikami et al. [31] studied the burning lifetime of interacting two droplets at various ambient pressures in the range of 0.1-6.0 MPa by experiments, and showed that the pressure dependence of the burning lifetime for the interacting droplets is similar to that of a single droplet. That is, the total interaction coefficient, which is the ratio of the burning lifetime of the interacting droplets to that of a single droplet, slightly changes. In these studies, however, the evaporation characteristics of multiple droplets have not been discussed.
The purpose of this study is therefore to investigate the effects of ambient pressure, initial gas temperature and combustion reaction on the evaporation characteristics of both a single fuel droplet and multiple fuel droplets by means of three-dimensional numerical simulation. The ambient pressure, initial gas temperature and mass loading ratio are varied in the ranges of 3 0.1-2.0 MPa, 1000-2000 K and 0.027-0.36, respectively.
Numerical Simulation

Governing equations
Present numerical simulation is performed based on the Euler-Lagrange framework. The governing equations for the gas phase are the conservation equations of mass, momentum, energy and mass of each species as
and the equation of state for ideal gas [2, [5] [6] [7] . Here ρ is the density, u the gas phase velocity, P the pressure, σ the viscous stress tensor, h the specific enthalpy, and a the gaseous thermal diffusivity given by ρa = λ/c p , respectively. Here λ is the heat conductivity. Y k and D k are the mass fraction and the mass diffusion coefficient of the k-th species which is given under the unity Lewis number assumption as ρD k = λ/c p , respectively.
The phase coupling between the gas and dispersed-droplets phases is calculated by a Particle-Source-In-Cell (PSI-Cell) method [32] , and the source terms, S ρ , S ρu , S ρh , and S ρY k , are given as
where ∆V is the volume of the control volume for the gas phase calculation, 
Here T is the gas temperature, c p the specific heat of mixture gas, c p,d the specific heat of the droplet, L V the latent heat of evaporation at T d , and τ d the particle response time defined by
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where ρ d is the droplet density, µ the viscosity and d d the droplet diameter.
The Prandtl and Nusselt numbers in the gas phase are given by
The droplet Reynolds number based on the slip velocity, U sl = |u − u d |, is defined as
The corrections of the Stokes drag and heat transfer for an evaporating fuel droplet, f 1 and f 2 , are given as [2, 26, 34] .
Evaporation model
Recently, various evaporation models have been proposed and validated [26, 27, 33, [35] [36] [37] [38] [39] . In this study, a non-equilibrium Langmuir-Knudsen evaporation model is used [26, 27, 33] . The effect of the temperature gradient inside the droplet is neglected here due to its small effect [26] . As the liquid fuel, n-heptane and n-decane are used. Evaporation rate in Eq.(12) is given
[26, 27, 33] , where Sc and Sh are the Schmidt and Sherwood numbers given as Sc = µ ρD k , Sh = 2 + 0.552Re
and B M is the mass transfer number given by
Here Y F is the mass fraction of fuel vapor in the far-field condition for a fuel droplet which is represented by the value in the cell where the fuel droplet is 6 located (this condition is the same for u and T ), and Y F,s is the vapor surface mass fraction (i.e., saturated vapor mass fraction) given as
where X F,s is the mole fraction of fuel vapor at the droplet surface, P sat the saturated vapor pressure discussed later, P the pressure of the carrier gas, and W and W F the averaged molecular weight of the carrier gas and the molecular weight of the fuel vapor, respectively. In Eq. (20) , the non-equilibrium effect is considered using the Langmuir-Knudsen evaporation law, in which the non-dimensional evaporation parameter, β, is given by
The value of the Knudsen layer thickness, L k , is estimated by
Here R is the universal gas constant.
Saturated vapor pressure
In many cases, the saturated vapor pressure, P sat , in Eq.(20) is calculated by
This equation is derived from the Clausius-Clapeyron equation;
under the assumptions of constant L V and ideal gas, where v g and v l are the molar volumes of the gas and liquid phases, respectively. However, the validity of these assumptions have not been fully examined. Here T B is the boiling temperature which can be calculated from Sato's expression for nonpolar substance [40] as
where C 1 is the experimental constant. For n-decane and n-heptane, C 1 =−22.4066 and C 1 =−21.9011 are used, respectively. It should be noted that, the unit of P is [mmHg] in this expression.
In order to exactly solve Eq.(24), it should be numerically integrated using the exact L V , v g and v l . The variable L V is estimated by using the Watson equation [41] as
where T B,atm is the normal boiling temperature, T c the critical temperature, and L V,B,atm the latent heat at T B,atm . On the other hand, v g and v l are calculated using the equation of state for real gas and the equation of corresponding states correlation, respectively. As these equations, Peng-Robinson equation [42] and Gunn-Yamada equation [43] are used, respectively. The
Peng-Robinson equation is described as
where z is the compressibility factor given by
where a and b are calculated as
Here P c is the critical pressure and T r = T /T c the reduced temperature. The values of acentric factor, ω, for n-decane and n-heptane are 0.488 and 0.349, respectively [44] . The Gunn-Yamada equation is described as
where v (0) r and Γ are calculated with T r as
On the other hand, empirical expressions for P sat have been proposed by Antoine [45] and Sato [40] based on the measurements. The Antoine's expression [45] is described as 
It should be noted that, the unit of P sat is [mmHg] in this expression. 23), (24), (34) and (35) for n-decane and n-heptane. As the integration method of Eq.(24), the 3rd oder Runge-Kutta method is used. While the exact prediction of P sat by Eq.(24) are in good agreement with the empirical expressions by the Antonie [45] and Sato [40] , the assumed prediction by Eq.(23) overestimates them.
Accordingly, the Sato's expression [40] is employed in the present computations. diameters are set to 700 µm for a single fuel droplet and 7.5 µm for multiple fuel droplets. These droplet sizes are decided to compare with the experiments [28] and to meet the requirement associate with the grid size from the point of view of numerical accuracy, respectively (the grid spacing needs to be roughly 10 times larger than the droplet size to get enough accuracy by using the PSI-Cell method [10] ). The initial droplet temperature is 300 K. As the fuel, n-decane and n-heptane are used for the evaporation of a single fuel droplet, whereas n-decane is used for the evaporation/combustion reaction of multiple fuel droplets.
Computational details
The combustion reaction of the evaporated n-decane (C 10 H 22 ) with oxygen is described using a one-step global reaction model [46] as
and the reaction rate is given by the Arrhenius formulation as
Hereω is the combustion rate of the fuel, W F and W O are the molecular weights of the fuel and oxidizer, respectively. A is the frequency factor, T the gas temperature, E the activation energy, and a, b and n the parameters depending on the fuel. In Eq.(4), the source term of the k-th species, S comb,k , is expressed using the combustion rate of the fuel,ω, as
where n k and n F are the molar stoichiometric coefficients of the k-th species and the fuel in the one-step global reaction (positive for the productions), respectively. W k and W F are the molecular weights of the k-th species and the fuel, respectively. Table 1 lists the numerical conditions performed for the evaporation / combustion reaction of the multiple fuel droplets in this study. The ambient pressure, P , initial gas temperature, T 0 , and droplets' mass loading ratio, M L, are varied in the ranges of 0.1-2.0 MPa, 1000-2000 K, and 0.027-0.36, respectively. Here M L is the ratio of the total mass of fuel droplets to the mass of gas in the spherical region. In order to investigate the effects of combustion reaction and inhomogeneity of droplet distribution, the computations are carried out for different mediums of the ambient gas (i.e., nitrogen and air) and the initial droplet distributions (i.e., random and inhomogeneous).
Here the inhomogeneous droplet distribution is obtained by the DNS data for the droplet distributions in a isotropic turbulence in Matsuda et al. [47] .
In order to increase M L of inhomogeneous droplet distributions, a parcel model [2] in which one parcel represents two fuel droplets is applied. These cases with the parcel model are indicated using superscription * as 4 * , 11 * , 17 * and 19 * in Table 1 . In the table, G is the Group combustion number [48] given as
Here Le is the Lewis number, n T the total number of the fuel droplets, and l the mean distance between the fuel droplets.
For a numerical approximation of the gas phase, discretization of the nonlinear terms of the momentum equations is derived from a second-order fully conservative finite difference scheme [49, 50] , while those of the scalars such as enthalpy and mass fractions are computed by the QUICK scheme [51] . Other differentials are approximated by a second-order finite difference method. The 3rd-order Runge-Kutta method is used as the time advancement of the calculation of the convective terms. The fractional step method [52] is used as the computational algorithm. On all six boundaries, the free outflow condition is given. 
Regarding the computations for the evaporation of a single droplet, the droplet diameter of 700 µm is larger than the computational grid, so that PSI-Cell method can not be used. Therefore, the evaporation rate of the single droplet is calculated under the assumption that the variations of the gas temperature and mass fraction of fuel gas caused by the droplet evaporation are negligible small.
Results and discussion
Evaporation of a single fuel droplet without combustion reaction
In this section, the effects of ambient pressure and initial gas temperature on the evaporation of a single fuel droplet are investigated by comparing with the experiments by Nomura and Ujiie [28] . In the previous numerical study by Yang and Wong [29] , they pointed out that radiation from the furnace wall and heat conduction from a fiber used for suspending a fuel droplet may enhance the droplet evaporation in the experiments. In addition, we speculate that natural convection around the droplet surface affects the droplet evaporation. This is because the gravity fluctuation with 1/100 of normal gravity was measured in the experiments, although the experiments were reported to be performed in a micro-gravity condition.
In Fig.3 , the comparisons of time variation of normalized squared droplet diameter, (d/d 0 ) 2 , between numerical simulations and experiments [28] with and without radiation and natural convection is shown for n-heptane. Here both axises are normalized by the square of the initial droplet diameter. The left-hand side and right-hand side figures show the low-initial-gas-temperature and high-initial-gas-temperature cases, respectively. The radiative heat absorption, Q rad , is calculated as
where σ is the Stephan-Boltzmann coefficient and ϵ the surface absorptance given by 0.93 [29] . In order to take the effect of the natural convection into account, gravity effect is introduced into the Nusselt and Sherwood numbers as
Here Gr is Grashof number defines as
14 [55, 56] , where g is the gravity. The effect of heat conduction of a fiber used for suspending a fuel droplet is neglected here because of the uncertainty of its condition in the experiments [28] . It is observed that the predictions of (d/d 0 ) 2 monotonously decrease with increasing t/d 2 0 and that their slopes become gentle at low-initial-gas-temperature cases and steep at high-initialgas-temperature cases as the ambient pressure increases, and become steep as the initial gas temperature increases. Also, the predictions become to be in better agreement with the experiments [28] by taking the effects of the radiation and natural convection into account. In the conditions of high ambient pressure and initial gas temperature (see the right-hand side figure in Fig.3 (c)), however, the differences between the predictions and the experiments are still marked even if the effects of the radiation and natural convection are taken account of. In particular, the effect of the ambient pressure is quite different. Compared to the experiments [28] , the increase of droplet size due to droplet expansion greatly surpasses the decrease of it due to droplet evaporation in these conditions in the numerical simulations. It is considered that this is due to the fact that the effect of heat conduction from a fiber used for suspending a fuel droplet, which could enhance the droplet evaporation, is neglected in the numerical simulations. In addition, the difficulties in measuring the droplet size in the experiments may deteriorate the accuracies of the experimental data. The time variations of normalized squared droplet diameter, (d/d 0 ) 2 , for n-decane are also shown in Fig.4 . In all conditions, the droplet expansion is more evident and the droplet evaporation proceeds slower for n-decane than those for n-heptane.
In the computations for the evaporation and combustion reaction of mul-tiple fuel droplets, whose results are shown in the following sections, the effects of radiation and natural convection are neglected. This is because small droplets with diameter of 7.5 µm are used so that their evaporation time are very short of a few dozens of µs. 0.027 and 0.12, respectively. As the ambient pressure increases, the start-up of droplet evaporation is delayed and the evaporation rate is enhanced once the evaporation starts. This is because as the ambient pressure increases, droplet evaporation is suppressed by higher boiling temperature because the heat from the ambient gas is used not for evaporation but for raising the droplet temperature, whereas it is enhanced by lower latent heat (see Eq.
Evaporation of multiple fuel droplets without combustion reaction
(26)) and larger droplet surface area due to greater liquid expansion (i.e., lower liquid density) caused by the increase of droplet temperature. The former and latter factors affect the droplet evaporation rate in the early and subsequent evaporation periods, respectively. Also, since only the latter factor is influenced by the ambient gas temperature, the slope of m/m 0 becomes steep with increasing the initial gas temperature, T 0 . The comparison of Figs.5 and 6 suggests that this tendency is not influenced by M L.
In order to understand the general effects of the ambient pressure, initial gas temperature and mass loading ratio, M L, on the droplet evaporation, droplet lifetime which is defined as the time when m/m 0 becomes 1% is introduced. Fig.7 shows the effects of ambient pressure, P , and M L on droplet lifetime in nitrogen at initial gas temperatures of T 0 = 1000, 1500 and 2000 K.
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The droplet lifetime is found to increase with increasing the ambient pressure at lower initial gas temperature of T 0 =1000 K, but decrease at higher initial gas temperatures of T 0 =1500 and 2000 K. This is attributed to a balance of the increase and decrease of the droplet evaporation rate in higher ambient pressure conditions, as mentioned earlier on Figs. 5 and 6. This tendency is not influenced by M L, but the droplet lifetime quantitatively becomes longer with increasing M L. This is explained by Fig.8 in which the time variations of gas temperature, T , and ratio of mass fraction of evaporated fuel to vapor surface mass fraction, Y F /Y F,s , in nitrogen at initial gas temperature of T 0 =2000 K and ambient pressure of P =2.0 MPa (see Fig.7 (c)) are shown.
Compared to in the case of M L=0.027, the decrease of T and the increase of Y F /Y F,s with time in the case of M L=0.12 are remarkable, which act to suppress the droplet evaporation and therefore enlarge the droplet lifetime. Fig.9 shows the effect of inhomogeneity of droplet distribution on droplet lifetime in nitrogen at initial gas temperature of T 0 =2000 K for M L=0.027 (without parcel model) and M L=0.054 (with parcel model). In both cases of M L=0.027 and 0.054, the inhomogeneity of droplet distribution is found to make the droplet lifetime longer regardless of the ambient pressure. In order to elucidate the mechanism, probability density function (PDF) of local mass loading ratio, M L local , which is calculated by counting the number of fuel droplets in a cube 0.5 mm on a side, is evaluated at ambient pressure of P =2.0 MPa as shown in Fig.10 . Compared to the random droplet distribution, the PDF of the inhomogeneous droplet distribution widely distributes in the higher M L local region, which is considered to contribute to the longer droplet lifetime. at T 0 = 2000 K are shown because the combustion reaction did not take place at T 0 =1000 and 1500 K. It is observed that the general tendencies of droplet evaporation are the same as the cases without combustion reaction, namely the start-up of droplet evaporation is delayed and the evaporation rate is enhanced once the evaporation starts as the ambient pressure increases, regardless of the value of M L. However, the droplet evaporation with combustion reaction is faster than that without it. In particular, the droplet evaporation in the cases of higher ambient pressure of P > 0.1 MPa are much faster than that in the case of P = 0.1 MPa. This is because the increase of the combustion reaction rate with the ambient pressure raises the gas temperature, which enhances the droplet evaporation.
Evaporation of multiple fuel droplets with combustion reaction
Like the cases without combustion reaction, the effects of ambient pressure, P , and M L on the droplet lifetime in air at initial gas temperatures of T 0 = 1000, 1500 and 2000 K are presented in Fig.16 . It is verified that the effects of initial gas temperature and ambient pressure on the droplet lifetime are similar to those without combustion reaction, such that the droplet lifetime increases with increasing the ambient pressure at lower initial gas temperature of 1000 K, but decreases at higher initial gas temperatures of 1500 K and 2000 K. On the other hand, the effect of M L on the droplet lifetime is somewhat complicated. That is, the increase of M L increases the droplet lifetime at T 0 = 1000 K, decreases it at T 0 = 1500 K, and changes the effect depending on M L (i.e., decreases the droplet lifetime at moderately high M L and conversely increases it at higher M L) at T 0 = 2000 K. This is explained by Fig.17 in which the time variations of gas temperature, T , and ratio of mass fraction of evaporated fuel to vapor surface mass fraction, Y F /Y F,s , in air at initial gas temperature of T 0 =2000 K and ambient pressure of P =2.0 MPa (see Fig.16(c) ) are shown. It is found that as M L increases, T becomes to rise quickly and Y F /Y F,s monotonously increases. The trend of T , which is caused by the enhancement of the combustion reaction, is quite different between the cases with and without combustion reaction, while that of Y F /Y F,s is similar. Here the increases of T and Y F /Y F,s act to enhance and suppress the droplet evaporation, namely shorten and enlarge the droplet lifetime, respectively. Accordingly, it can be said that the effect of M L on the droplet lifetime is determined by a balance of the increases of T and Y F /Y F,s . Generally speaking, the droplet lifetime tends to be lengthened by the increase of M L even under the condition with combustion reaction, but often shortened at moderately high M L at high ambient pressure. Fig.18 shows the effect of inhomogeneity of droplet distribution on droplet lifetime in air at initial gas temperature of T 0 =2000 K for M L=0.027 (without parcel model) and M L=0.054 (with parcel model). In the cases of M L=0.054, the inhomogeneity of droplet distribution is found to make the droplet lifetime longer regardless of the ambient pressure. In the cases of M L=0.027, on the other hand, the inhomogeneity of droplet distribution does not always make the droplet lifetime longer. This is due to the same reasons, as mentioned above, that is, the droplet lifetime is shortened by moderately high M L.
Conclusions
In this study, the effects of ambient pressure, initial gas temperature and combustion reaction on the evaporation of a single fuel droplet and multiple fuel droplets were investigated by means of three-dimensional numerical simulation. The ambient pressure, initial gas temperature and mass loading ratio, M L, were varied in the ranges of 0.1-2.0 MPa, 1000-2000 K and 0.027-0.36, respectively, under the condition with or without combustion reaction.
The main results obtained in this study can be summarized as follows.
1. Natural convection accelerates droplet evaporation, and the effect becomes remarkable with increasing the ambient pressure.
2. Under the condition without combustion reaction, droplet lifetime increases with increasing the ambient pressure at lower initial gas temperature of 1000 K, but decreases at higher initial gas temperatures of 1500 K and 2000 K. This is attributed to a balance of the increase and decrease of droplet evaporation rate in higher ambient pressure conditions. Namely, as the ambient pressure increases, droplet evaporation is suppressed by higher boiling temperature, whereas it is enhanced by lower latent heat and larger droplet surface due to greater liquid expansion caused by the increase of droplet temperature. This tendency is not influenced by M L, but the droplet lifetime quantitatively becomes longer with increasing M L because of the decrease of gas temperature and the increase of the evaporated fuel mass fraction towards the vapor surface mass fraction. (c) With radiation and natural convection Left-hand side shows low-initial-gas-temperature cases and right-hand side shows highinitial-gas-temperature cases. (c) T 0 =2000 K (Case 3) (c) T 0 =2000 K (Case 7) (c) T 0 =2000 K (Cases 3 and 7) 
